ABSTRACT

RHONEY, BRIAN KEITH. Cylindricd Wire Electricd Discharge Truing of Metd Bond
Diamond Grinding Wheds. (Under the direction of Albert Shih)

The god of this research was to use the wire Electricad Discharge Machining
(EDM) to profile a metd bond diamond grinding whed, and then study the wear and
grinding performance of the EDM trued whed. Diamond wheds are known to exhibit
low whed wear for precison grinding of ceramics but create difficulty in creating
precison trued forms.  With the increesed use of hard engineering ceramics in
mechanicd desgn, new methods of truing these wheds had to be invedigaied. In
profiling a vitrified bond diamond whed, a Computer Numericaly Controlled (CNC)
sngle point diamond or a diamond crush rall is often used. However, due to the high
dgrength of the metd bond matrix, these methods cannot be implemented with a meta
bond diamond whed. Instead of applying a mechanicd force, Wire Electrical Discharge
Truing (WEDT) process utilizes dectricd sparks to erode the metd matrix, which alows
the non-conductive diamonds to smply fdl away. A precison spindle was firgt built to
rotate the whed indde a traditiond wire EDM machine. Once the process proved
feasble, grinding studies were developed to compare the performance of a WEDT whed
agang a diamond rotary trued/stick dressed whed. Grinding force, surface finish of the
ground slicon nitride parts, and whed wear were dl examined. The surfaces of both
truing methods were compared using Stereo-Scanning Electron Microscopy to measure
the protruding diamonds height and identify the wear mechanism. Result of the research

shows promise for the future use of WEDT as a truing method for metal bond whesdls.
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1 INTRODUCTION

Over the past two decade the use of ceramic components in engineering design
has increased steadily. This increase has aso developed a need for improving tolerances
and materid remova rates when grinding these ceramics.  The ability to create a precise

form in a superabrasive whed has been identified as one of these needs.

1.1 History of the Use of Ceramicsin Diesel Engines

Applications of ceramics in diesd engines began in the late 1970's. Research
work was caried out under U.S. Army research contracts to develop adiabatic and
minimum friction diesd engine that diminae vulnerable cooling and liquid lubrication
sysems for military vehicles. While these diesd concepts did not move beyond the
reearch dage, the programs highlighted the potentid benefits that ceramics could
provide in production engines The actud usage of ceramics in commercid diesd
engines evolved from these research efforts.

Due to the success of ceramic materids in sdected applications, efforts are
continuing to utilize ceramics in specidized gpplications.  Efforts are now being focused
on improving the cost effectiveness of precison ceramic components and improving the
processing capabilities.  Slicon nitride, Silicon carbide, and Zirconia ceramics have been
commercidly proven for wear gpplicationsin diesd engines.

One example of success for the use of ceramics in the diesdl engine is in the fud
injector. Figure 1.1 shows a diesd fud injector, which incorporated a slicon nitride

check bdl and two plungers into the desgn. Due to EPA regulations, there was a



Zirconia timing plunger

Zirconia metering plunger

Silicon nitride check ball

Figure 1.1: Fuel injector with ceramic components

decrease in the amount of lubricating sulfur that could be added to diesd fud. To
improve peformance and reduce pollution, a high-pressure dectronic injection system
was developed. After these changes in the fuding system gicking between the ded
plunger and barrdl of the injector emerged. To diminate the gticking problem and reduce
the wear of the plunger, a ceramic plunger was implemented. Not only was there a
savings in waranty codst, the ceramic component adso created a product of higher
rdiability.

Thefuture for ceramics in engines continues to be promising as machining technology

advances and the resistance to ceramic usage diminishes. Advancesin form grinding of
advanced ceramics will alow these materials to compete on the basis of cost with such
technologies as Titanium Nitride (TiN) coating of sed. Over time the geometry of the

ceramic components have become more complex as shown in Figure 1.2. Dueto alow

coefficient of friction and excellent wear resistance, ceramic components are important to



1989

1993

(@)

1998
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Figure 1.2: Evolution of ceramic grinding geometry
(@) S3Ng4 Injector link (b) S3N4 Pad
(c) Zirconia timing plunger (d) Zirconia metering plunger

the advancement of diesd engine technologies. However, steps must be taken to

continue decreasing the machining costs, and increasing the ability to achieve tight

tolerances while reaching high materid removad rates for form ground ceramic

components. WEDT provides astep in the direction of reaching this godl.



1.2 Form Grinding of Ceramics

Form grinding is used to reduce mechining cos in many of cylindrica
components.  Currently, there are limitations to the precison that can be achieved
through the forming and dntering of ceramics Components require grinding to reach a
find shape, and to attain the required tolerances. The form grinding process offers

savings due to the decrease in the number of steps used to create a desred profile. As

CONVENTIONAL APPROACH PROPOSED FORM
(One feature in each step) GRINDING METHOD

(Several features in
each step)

Step 1. Chamfer grinding

Step 1. Form grinding of
one end

Step 2. Face grinding

Step 3. Post grindin
Step 2. Form grinding of
another end

| [

Step 4. Chamfer grinding

—

Step 5. Chamfer grinding

E

Step 6. Face grinding

Figure 1.3: Comparison between conventional profile grinding and
formed profile grinding
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shown in Fgure 13, a timing plunger can be machined usng conventiond or form
grinding methods.  With the conventiond machining approach it would take Sx grinding
setups to creete the profile, while the form grinding method reduces this to two deps.
Although this saves both time and money during grinding, it dso produces another issue
of cresting a precise form in the grinding whed.

The type of airasve used in a grinding whed is the determining factor on how

well the whed performs, and adso how the whed can be trued to a precise shape. Figure

£$ Abrasive :
5000 - _
4000 - Work-Material >
3000 -
| B
1000 1
0 1 B mmw

Dlamond GBN Sllbon Alurim.m Slicon Zrconla  Singe Slicon  Handened
Oxide Nitride {Transfor- ﬂgﬂl Oxice Toal
(Gmnl (Whilg)  (Hot malion Steel
lsostatlc  Toughened) (82 Rc)
Preased)

Knoop Hardness (kg/mm?

Figure 1.4: Chart of hardness of work materials and grinding abrasives

1.4 shows typicd hardness vaues for both abrasve and work materias. S$ih [2000] has
reported advances in the use of dlicon carbide in the grinding of zirconia However, for
other ceramic materiads superabrasive wheds, such as CBN and diamond, must be used

in grinding. The cost of CBN &irasve is double the cost of diamond &brasive
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Therefore, diamond is often used as the abrasve in grinding wheds for ceramic
meachining.

The three most popular grinding whed bonding sysems are metd, resin, and
vitreous. The use of vitreous bond whedls have grown rapidly because of their advantage
of being trued and dressed smultaneoudy [Makin, 1989]. However, the ability to create
mm-scae precison form truing of the vitreous bond is difficult due to the excess wear of
the truing tool [Shih, 1998]. Truing tool wear comes from the bonds high hardness and
from the force required to shear the diamonds. In order to true an abrasve whed
effectively, the truing tool must be harder than the whed being trued.

Precison forms are aso unachievable with resn bond diamond wheds. This is
due to the inability of the low strength bond to support the diamonds during truing.
Meta bond wheds have good bond strength and wear characteristics, but create difficulty
in truing and dressng cgpabilities  The solution is to change the truing method not the
truing tool materid [Shih, 2000]. WEDT can provide precise truing of meta bond

diamond grinding whedls, without high mechanical forces that cause truing tool wesr.



1.3 Basic Principles of Electrical Discharge Machining

The following description explans the theory behind the generation of spark
eroson in the EDM process. While severd theories of how EDM works have been
advanced over the years, most of the evidence supports the thermoelectric modd. The
nine illugrations in Figure 1.5 ae to show wha is bdieved to hagppen during the
generation of a sngle spark in the EDM process. Graphs a the bottom of each
illugtration show how the voltage and current change from each step. In dl the diagrams,
the wire dectrode is the upper dark materid of postive charge and the workpiece is the
lower jagged pat that is negatively charged. The didectric fluid in the machining gap
separates these two surfaces [Rajurkar, 2001].

Figure 1.5(8) shows what happens with the wire first comes near the workpiece.
The didectric fluid between them provides an insulator to keep dectricad charge from
flowing from one surface to another. However, as the potentia difference increases
between the surfaces, the didectric fluid can bresk down and become ionic (dectricaly
conductive). The dectricd fidd is srongest a the point where the distance between the
surfaces is minimd; thus the spark will occur a this location. Note the voltage has
increased, but no current is flowing because of the presence of the dielectric fluid.

Next as shown in Figure 1.5(b), the number of ionic particles increases, making
the insulating properties of the didectric fluid begin to decrease dong a narrow channd

a the high point. Voltage will reach its pegk, but current is ill zero.



(a) (b) (c)

--------

Incrmass

Figure ig% Evolution of a single sparlg;)n the EDM process [ Raj urkgi, 2001]
Figure 1.5(c) shows that a current has established, causing the voltage to decrease.
Figure 1.5(d) shows that the voltage is continuing to drop as current continues to
increase. The heat builds up rapidly, causng ®me of the fluid, workpiece, and eectrode
to vaporize. A discharge channd begins to form between the dectrode and workpiece.
Figure 1.5(e) depicts a vapor bubble trying to expand outward, but a rush of ions
towards the discharge channd limits its expanson. The intense dectro-magnetic fidd

that has built up in the channd attracts these ions.
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Figure 1.5(f) is during the end of the time when the voltage is on. Here the
current and voltage have stabilized. The heat and pressure ingde the bubble have reach
maximum and some meta is being removed. The metd directly under the discharge
column isin molten state, but is held in place by the pressure of the vapor bubble,

Figures 1.5(g) 1.5(h), and 1.5(1)) show what happens during the time when no
voltage is gpplied. Both voltage and current go to zero, which causes the temperature and
pressure to rapidly decresse in the vapor bubble causng it to collapse.  This collgpsing
bubble alows the molten materid to be expdled from the surface of the workpiece.
Fresh didectric fluid rushes in, flushing the debris away and quenching the surface of the
workpiece.  Unexpdled molten metd <olidifies back to the surface to form what is
known as the recast layer. This complete process of voltage on and off time comprises
the EDM spark cycle.

Wire EDM, as shown in Figure 1.6(a), uses a traveling brass wire, ranging from
0.02 to 040 mm in diameter, as the eectrode. Continuous eectrical sparks, Figure
1.6(b), are generated between the wire and workpiece for maerid removd. By usng
computer numericad control, the thin wire is guided in the X and Y directions to cut a

precise shape in the workpiece.
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Travelling wire

L e Travelling wire
\\
: - /4
A1 Z_\ Electrical
Voltage pulse 1 Bp?rks
to generate 2| D€ vvteen
L electrical > ?(;goee
Workpi isparks % work-material
o)
—
N———
. p—
(@) (b)

Figure 1.6: Thewire EDM process, (a) conventional 2D wire
EDM operation, (b) enlarged view of the wire and wor kpiece.

1.4 Proposed Truing Method for Metal Bond Diamond Wheels

Currently, there are two methods for creating a meta bond diamond whed. One
method uses a sintering process to combine metal powder and diamond to produce the
formed whed. This process creates a thick layer of diamond onto a solid meta core.
Although effective in forming the whed, currently the sintering process has limits on the
ability to creste precise fooms. The dternative method uses a sngle layer of diamond
electroplated on the surface of a preformed metd whed [Makin et a., 2000]. This
technology, dthough codt-effective, has limitations on form accuracy, usudly in the 15 to
30 mm range, and surface finish, typicd above 0.3 nmm average roughness. For parts that
do not need mm-scde precison and fine surface finish, grinding with dectroplated single-

layer diamond whedsisthe preferred choice,
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If tighter form tolerances are required, then a method for cresting precise forms in

metal bond whedls is desred. The proposed method uses therma energy instead of a
mechanica force in order to true metd bonded wheds. The god of this research is to use
a 2-axis wire EDM machine to generae an intricate cylindricd form into the rotating
metal bond diamond whed, as shown in Fgure 1.7(8). The grinding whed is rotating
aound the B axis. As shown in Figure 1.7(b), the two dides control an dectricaly
charged wire in the X and Y directions to generate a programmed trgectory on the
rotating diamond whed. Sparks between the wire and whed erode the metd bond and
creste the desred cylindrical form, by dlowing the nonconductive diamonds to fall
away. The technicd chdlenge of this concept is to achieve the mm-scale precison form

tolerances of the diamond whed.

diamond wheel

a7

(\l
N\

Metal bond
diamond whee

i
S -

Travelling
wire

- Y

: > Travelling

I wire >

trajectory of the wire

@ (b)

Figure 1.7: Wire EDM of metal bond diamond wheel, (a) configuration of the
operation, (b) top view of the trajectory of the wire
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15 Literature Review

Much research has been conducted on the EDM process over the past two
decades. However, much of the work has been on developing better power sources,
discharge patterns, and improving gap conditions. Most of the work being conducted
with EDM truing has been conducted in Japan and China.

One of the firs papers that discussed EDM truing was in 1987 by Suzuki e d.
[1987]. This paper consders both wire and electrode EDM of metd bonded wheds. It
discusses the problems associated with traditiond truing of the hard metd bonded
wheds.  This paper shows evidence for a reduction in grinding forces, higher grinding
ratio, and the redization of the ability to form wheds usng EDM truing. The paper
concludes with this statement, “The authors believe that this method will contribute to the
development of grinding work with super aorasve wheds’. The detals of the two truing

methods die sinker and wire EDM, are summarized in the following sections.

1.5.1 Die Sinker EDM Truing Method

In die snker EDM a graphite, copper, or tungsten eectrode is shaped to perform
the EDM process. The dectrode is machined using conventiond machining, such as
milling and tuning. Then the shaped conductive dectrode is used to erode the contour
into a workpiece through dectrical sparks. A mgor disadvantage to this method is
electrode wear, which creates error in the find component. The advantage is that
machining occurs over the ertire eectrode surface, cregting a high machining efficiency.

On the contrary, with wire EDM the machining occurs a a single point, which is not as
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efficient. However, due to eectrode wear in the Die Sinker configuration, the ability to
cregte precise formsisin question.

Suzuki's proposed eectrode truing method compensates for this eectrode wear
by having a cutting tool that is used to shape the truing eectrode. Figure 1.8 shows the
method used for truing one of the metd bonded wheds. Firs the computer numericaly
controlled cutting tool is used to machine the desred profile into the eectrode, Figure
18(@). Then EDM occurs, Figure 1.8(b), between the formed eectrode and grinding
whed, which places the reverse profile into the whed. Hgure 1.8(c) shows that the worn

electrode being reshaped to regain form tolerance. Then the finish EDM process occurs
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Figure 1.8: Procedure for formed electrode ED truing method [ Suzuki, 1987]

to give the whed its finid shgpe, Figure 1.8(d). The advantage to this method is agan
that the eectrode and whed are the same width, thus truing time is reduced. However,
with electrode wear occurring the accuracy of the formisin question.

Recent work has been conducted by Wang e d. [2000] to quantify the

performance of die snking EDM dressing. Parameters such as truing current, pulse
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frequency, pulse duration, whed speed, and whed eccentricity where characterized on
how truing efficiency was affected. However, the reationship between form accuracy
and these parameters was never developed. This is in pat due to the fact that form

errors, in thisrotary die sinking EDM, are dominated by dectrode wesr.

1.5.2WireEDM Truing Method

To diminae the problem with eectrode wear, a continuoudy feed wire can be
used as the eectrode. Suzuki’s proposed wire EDM Truing method uses a ceramic guide
to pogtion the wire for machining, as shown in Figure 1.9. This sdup creates more
accurate profiles by diminating eectrode wear effects. However, the process is difficult

to implement due to the speciaized equipment used for the truing process.
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Figure 1.9: Wire EDM truing/dressing method [ Suzuki, 1987]

It would be desirable to be able to perform this operation on a standard wire EDM
machine. The proposed WEDT method which this thess detals, uses a spindle to rotate

the whed within a sandard EDM machine where the truing will occur. The whed can
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then be tranderred to a grinding machine to peform the grinding operation.

Modifications must aso be made in the programming of the discharge properties.

1.5.3 ELectrolytic In-process Dressing (EL1D) method

FUJ Die Company has developed cast iron bonded diamond wheels [Nakagawa,
1984] that are capable of being dectrolytic in-process dressed, ELID. Much of this
research as been conducted by the Materials Fabrication Laboratory in Jgpan by Dr.
Hitoshi Ohmori [Qian €. d, 2000]. This research cams, “Dressing by eectricd
discharge is a good method, but it is difficult to conduct ontline dressing.” As implied by
the name ELID is only a dressng method, EDM was firg used to true the whed, then
ELID isused to continuoudy dress the whed during grinding operations.

Ohmori clams that ELID has s0 fa sarved as the most successful dressing
method for meta bond wheds in precison surface grinding [Ohmori, 1996]. Although
this method does create good surface finish, the ability to dress precise forms has not
been shown. All of the papers reviewed, including Zhang's internd grinding [Zhang,
2000], incorporate ELID for dressng a draight profiled whed. It is important to recal
that this process is unable to true the metal bond whed. ELID is used only as a dressing
process, EDM s ill required to true the whed. If ELID proves to be capable of dressing
precise formed metal bond diamond whedls, preciss EDM truing will ill be required to

form the whed.
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1.6 Patent Search

Patentability of the WEDT process is a posshility, due to its uniqueness of using
a sandard wire EDM machine. All of the Japanese patents by Mizukawa et a. [1992],
Shichizawa [1993], Oku et al. [1984], and Nakagawa et al. [1989] ded with EDM truing
usng a die snking rotary eectrode. No patents could be found which use a standard
wire EDM machine, to perform the truing operations. It is important to note that this
process is vduable for its flexibility within the machine shop; it is not intended for
production grinding. In this case the EDM truing unit would be integrated with the
grinding machine to diminate remova of the grinding whed for truing. It dso becomes
vaduable in an experimenta environment for cregting prototypes for testing purposes.
The only equipment required to perform the truing is a precise spindle and use of a

traditiond EDM machine.
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2 SPINDLE DESIGN

One of the initid chalenges in the research was to design a spindle that would
rotate the whed insde he EDM machine. When the research was fird underway, it was
desred to purchase an indudrid “off the shedf” spindle which could be modified in order
to mount the whed. Spindl€'s offered by Sysem 3R were considered, but the amount of
modification required in order to mount the whed to the spinde was subgtantia.
Another drawback was high price.  Thus, the first step was to design and build a spindle
that could meet the defined requirements.

Corrosive Environment — This spindle would have to operate in the presence of
deionized water. Therefore, al components that will be in direct contact with the water
will require corrosve ressant materids.  While those components that cannot perform in
the presence of water, like the motor, will have to be shielded in the design.

Electrical Environment — The metd bond whed must be dectricdly grounded to the
machine for the EDM sparking to occur. Thus, the spindle must be able to carry high
electrical current to ground. Also any gaps within this path could become a potentia
location where electrical spark could occur.

Tight Tolerances — In order to obtain the mm tolerances desired in the profile on the
whed, the spinde must dso be up to this sandard. Gods of robustness and high
precison were a the forefront during the desgn and manufacturing of the spinde.  Also
gpindle vibrations must be minimized to achieve this mm tolerance.

Geometry Restraints and Flexibility — The most obvious requirement in geometry is a

method for mounting the whed on the spindle in a repeatable manner. Also the whed
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must be able to be placed on a grinding machine in the same fashion. The design should
adso be adle to except varies grinding whed diameters. A compact spinde must be
accomplished to avoid interference with the EDM machine.

2.1 Overview of Spindle Design

The spindle conssts of a speed controlled gear motor, cooling fan, belt and pulley
system, shaft, a four piece housing, two brush assemblies, and two bearings, as shown in
Figure 21. The grinding whed is mounted to a hub, which has a precison ground
internd taper to dlow mounting on a grinding machine spindle.  Therefore, this same
taper is used on the spindle shaft to except the hub. This will assure repeatable mounting,
as well as easy whed transfera to the grinding machine. Two brush assemblies provide a
path to trander the EDM current from the shaft to the grounded housng. A speed

controlled, fan cooled, gear motor is used to provide rotation. In order to reduce

Motor cooling
fan

Grinding
wheel

Figure 2.1: Final Spindle Configuration
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vibrations in rotationd transmisson, a smooth round bdt and pulley sysem was
implemented.

Two deep-groove bal bearings with slicon nitride bals and stainless sted races were
used to support the shaft. These bearings provide corrosive resstance to the deionized
water, while isolating the bearings from the current flow. All other spindle components
ae made of water corroson resstant materids, such as danless ded, plagtic, or
duminum. The finished spindle met the precison requirements by achieving a runout of

lessthan 1 nm.

2.2 Spindle Components

In order to create the spindle some components were purchased from a supplier,
while others were machined a Cummins Technical Center. The following two sections

discuss the reasoning behind the component selection.

2.2.1 Purchased Components

To rotate the spindle a DC permanent magnet motor was chosen, due to low cost
and excdlent speed control. Also since gear motors alow rotation to be transferred aong
an axis other than the motor axis, clearance between the motor and EDM head was easy
to mantan. Dayton adso supplies a direct mount speed controller for the gearmotor,
which dlows speed control form O to 89rpm in twenty increments.

Severd types of bets were consdered for this agpplication. A timing bet would
provide a no-dip condition but the power transmission is somewhat “incremental” due to

the mating of the teeth. A V-bdt would have been effective but could create potentia
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trouble in indalation and would require a belt tensoner to adjust the belt. To diminate
this extra component and to smplify the assembly, a polyethylene round belt was used.
The bdt is dretchable which makes ingdlaion easy and no tendoner is required. Also
the belt can be cut to length and joined together with duminum connectors.

The bearing selection was the key to the success of the spindle. They had to be
rigid (preloaded) and adso withstand the corrosve environment. Both plagic and
danless sted bearings were consdered. Sted would provide a rigid support, which is
needed to obtain the tight tolerances. However, with sted bearings the concern was
about the bals causng spark eroson on the races. Current must flow from the whed,
through the shaft and bearings into the grounded housing. If the badls are not preloaded
firmly againg the races then the current will jump the gap and begin to erode the bdls
and pit the races. Also the surface area of contact is very smal thus creating a resistance
to current flow, which is not good for the EDM process.

A solution is to prevent current from flowing through the bearings, by making the
balls insulators ingead of a conductors, thus ceramic bearings were incorporated. To
ensure that the deionized water could not get into the sealed bearings, additiond oil seds
were used to sed the bearings from the environment. A snap ring, Figure 2.2(a), was
used to assure bearing/shaft dignment and aso to prevent axid motion of the shaft.

As previoudy mentioned there must be a conductive path between the whed and
ground. Since the bal bearings are non-conductive, a brush assembly was used to carry
the current from the shaft to the housng. A shunt on the brushes was used, since the

gmal diameter loading spring would not be able to handle the heavy current flow crested
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by EDM. The brush geometry was rectangular to keep it from cantering in the dot as it
rubs againg the shaft. This required some wire EDM machining to creste the square
rectangle to receive the brush. Also an additiona insert was added to adlow adjustment of

brush force on the shaft, as shown in Figure 2.2(b).

@ (b)
Figure 2.2: (a) Shap-ring location (b) Brush adjuster and shunt wire

One concern in the design was how to ensure that repeatable postioning of the
grinding whed between the EDM and grinding mechines. This is due to the fact that
profiling would have to be done in an EDM machine, but then moved to a grinding
machine to peform any machining tet. Grinding whedls are typicaly mounted using a
tapered hub, which assures repeatable mounting. This same tgpered hub mount was used
to podtion the whed on the spindle shaft. Table 21 gives a summay of dl the
purchased components, the supplier, pat number, and a brief summay of the

specifications.



Table 2.1: Purchased components used in constructing spindle
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Componert Supplier Part # Specifications
Dayton DC permanent magnet Grainger 89rpm; 34 in-Ib torque
right angle motor 9 6A191 1/10 hp
Dayton gearmotor Grainger Input 115AC
speed controller 9 47728 Output 90VDC
McMaster 6284K 51 2" and 1.5” OD pulley
UHMW Polyethylene pulley Carr 6284K 52 ¥ round belt groove
i . -
Polyurethane belt McMaster 6567K52 L4 round bt_elt, cuttosizeand join
Car with fasteners
Ceramic ball bearings with Barden Si(l:'-zos gteozjnetbré/ |
stainless stedl races Precision Bearings C205FF5 G-6 Icon nitrnde bals
Stainless steel races
! . . C-205 geometry
Ol Sedl Chicago Rawhide 9763 (52mmX25mm)7mm deep
Carbon brushes with spring and McMaster 5/16" X 15/32"
electrical shunt Car 65705K 38 7/8" long
_— Ground taper
Grinding wheel hub mount MSC 28905923024 Mounts to 2 V2 1D whed

2.2.2 Manufactured Components

The man manufactured component of the spindle is the shaft, Figure 2.3, which

transfers the rotation of the belt on one end to the grinding whedl on the other end. The

Bearing surface

Pulley area Snap ring slot

Wrench slot Brush contact area

Mounting Taper

Figure 2.3: Features of spindle's shaft
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left end of the shaft features a pulley area with a keyhole dot to insure no dippage
between the pulley and shaft. A wrench dot was added to hold the shaft during
inddlatiion and remova of the whed. Both ends have a bearing surface, which will
accept the ID of the bearing, and adso a snap ring dot as mentioned earlier.  The right end
has the taper to accept the hub as well as the threads that will secure the whed to the
shaft. Since the carbon brushes contact the middle of the shaft, Stainless sted was the
materid of choice, unlike the other components, which are duminum. The shaft was
ground to the specifications to ensure good surface finish for the brush contact and press
fit aress.

In order to combine and support the components, a frame assembly was machined
a the Experimenta Machining Lab a Cummins Technology Center. A bottom plate
serves as the base and will be mounted to the table insde the EDM machine. Figure 2.4
shows how the motor is mounted to a top plate. A frame was designed which would join
the bottom and top plates and also accept the shaft housing, as shown in Figure 2.4.

Initidly the housng was going to be bolted to the frame. The problem is tha the
two bearings would be mounted into separate components, both the shaft housng and
frame, creating dignment issues  Extending the housng and press fitting it into the
frame diminated this problem. Now the shaft and bearings are both in line with the same

bore. The housing was designed to aso accept the bearings, sedls, and brushes.
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2.3 Assembly and Spindle Error

In order to achieve a sub-mm spindle error, as this spindle does, certain steps must
be followed during assembly. To dlow flexibility for dteraions to the spindle height for
different EDM machines the top plate, bottom plate, and frame were al bolted together.
Figure 2.4 shows that a press fit was used to connect the frame and shaft housing, since it
is important that these components are never uncoupled. Some concern rose that the

bearing bore in the shaft housng may shrink when the shaft housng and frame were

A A

N

- —

@ (b)
Figure 2.4: (a) Exploded view of components (b) Assembled components

pressed together. Thus after the four parts were joined the fina boring of the holes to
accept the bearings was completed.
The bearings, which are a 0.0005" interference fit between both the housing and

shaft, created a little chdlenge. This was due to the fact of the number of surfaces that
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must mate a the same time. Firg the frame was heated to 450°F in an oven to get the
required thermd expandon. Meanwhile, the shaft was submerged in liquid nitrogen for
about 10 minutes to get the required thermd dhrinkage. Then the bearings, sheft, and
housng were pressed together and dlowed to dabilize back to room temperature
overnight to creste the pressfit.

Spindle error was measured using a shaded pole inductor measuring device. The
flat surface, where the bearings are mounted, was measured which gave a spindle error of

about 2 to 3 mm peak-to-valley. When the error was measured on the ground tapered

surface, spindle runout was 38 to 40 mm pesk-to-valey. The whed hub taper was ground
on a different setup than was the shaft and bearing surfaces.  Therefore, the taper’s axis
of rotation and that of rest of the shaft are different. To compensae for this error, the
find taper on the shaft was peformed with the sheft mounted in the bearings and
housing.

Figure 2.5(a) shows the setup for grinding the precison taper. A dSne table was
used to get the taper angle and the spindl€s motor was used to rotate the shaft. By
moving the grinder head dong the axis of the spindle and taking light depths of cut, the
taper was ground into the shaft. A machinist dye was used to blue the surface of the taper
to insure a good fit between the shaft and hub teper. This task was time consuming, but it
pad off with a spindle error less than 1 nm, around 0.6 nm. By insuring thet the taper’'s
axis is concentric to the axis of rotation, repestable mounting between the spindle and

grinding machineis feasble.
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Figure 2.5: (a) setup for grinding hub mount taper (b) completed spindle

Also the motor on the spindle got warm after continuous usage. The notor sets
indde the EDM machine were the air is stagnant, thus the problem could be resolved by
ingaling a smal computer cooling fan, Figure 2.5(b), to create air flow over the body of
the motor.

Once the brushes were inddled resistance between the shaft and housng wes
checked with a multi-meter to ensure adequate shaft/brush contact. The resstance was
only about 2W, which crestes an ided gtuation of low resstance to current flow for
EDM. While usng the spindle it was noted that an oxide layer did form between the
brushes and the surface of the shaft. A thin coat of eectricaly conductive grease

between the two surfaces solved this problem.
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3 SETUP FOR WIRE ELECTRICAL DISCHARGE TRUING AND
PROFILE CAPABILITIES

When performing WEDT certain procedures must be followed in order to insure a
properly trued whed. Since WEDT is not a traditional process, an adjusment of the
EDM parameters is required. Chapter 3 discusses these modifications and  setup
procedures. In order to determine some of the profile cgpabilities two grinding whed
forms were adopted. An arc profile, Figure 3.1(a), was used to measure form error, via a
Tdysuf messurement.  While a pesk profile, Figure 3.1(b), helped to determine

minimum inner and outer profile radii achievable on the ground parts.

|:_u_; _u:}_:| \/ |::/\:: :|
grinding
AU e L
@ (b)

Figure 3.1: Profiles used for determining WEDT capability
(a) arc profile used for determining form error

(b) peak profile used for determining minimum form radii
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3.1 Performing WEDT

One advantage of WEDT is that it peformed usng a traditiond wire EDM
machine. This makes the process desrable, due to the fact that no new machinery is
required. However, snce the WEDT is not a traditiond EDM procedure, additiond
knowledge is required to perform the process. The following two sections discuss the

WEDT setup procedures, aswell asthe EDM process parameters.

3.1.1 Setup Procedures

Firg the whed/hub assembly is bolted to the spindle shaft. Then the complete
gpindle/whed assembly is bolted to the worktable insde the EDM meachine, which serves
as the dectricd ground. A did indicator is then usad to insure that the spindle and
machine' s axes are digned. In order to determine orientation of the workpiece relative to
wire, an edge find command was executed. The wire moves in dowly until it detects the
eectricd ground of the whed. By doing this in both directions, the exact location of an
edge of the whed can be defined. The wire is then backed away from the edge about
254 mm in order to dlow sufficient gpace for the machine to automaticaly rethread the
wire in the event of a wire bresk. This is the dat point from which machining will
begin.

Normdly, the workpiece in EDM machining would be submerged in a didectric
bath for improved flushing and temperature control.  However, if this process is
determined feasble and the technology was integrated in a grinding mechine, it would be
impossible to submerge a grinding whed on a grinder. Thus it is better to develop the

technology usng only a jet or mist of water to provide the didectric fluid. Hushing was
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not an issue, snce the wire is only working on the surface, and is not buried within the
materid.  Jet flushing can be seen during WEDT in Fgure 32. A mist of high-pressure

water could dso provide adequate flushing, however this was not investigated in this

study.

wheel
rotation;

Rotation of the whed was set to make the surface velocity of the whed match that
of the spooling wire, as seen in Figure 32. The rddive veocity between the two
surfaces is minimized. Whed rotation in the opposite was dso tested, which lead to

frequent wire breaks.

3.1.2 Process Parametersfor WEDT

Since WEDT of a metd bond diamond whed is not a traditiond EDM process,
predetermined EDM parameters are not established.  Through an understanding of how

the parameters interact and trial and error the parameters are adjusted to perform EDM



30
truing. Due to the fact that the meta matrix of the grinding whed is about 80% copper, a
predetermined program for %2 copper was selected to be modified. There are Sx magor
EDM parameters that are important and ae summarized in Table 3.1. A brief discusson

on why four of these parameters are dtered from the base program follows.

Table 3.1: Summary of EDM Process Parameter Alterations for WEDT

Basdine ¥ copper

EDM Process Parameters settings WEDT settings
Gap Voltage (V) 35 70
Spark Cycle (ns) 19 32

Ontime (Ims) 12 12
Feedrate (mm/min) 6.6 0254
Wire Speed (mm/sec) 12 25
Wire Tension (grams) 1800 1800

The gap voltage is the nomind voltage in the gap between the wire and
workpiece. Thus the further apart the wire and workpiece are the higher the gap voltage,
and vise versa. By increasing the gap voltage from 35 to 70 V, the distance between the
wire and whed is increased. Since the workpiece is circular and the wire is sraight, the

gap distance varies across the work zone, as shown in Figure 3.3.
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wire  — |
spark zone indicated by dotted line

large gap distance

small gap distance
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’_________
|

wheel

Figure 3.3: Diagram of WEDT gap

Remember that gap voltage is an average of the voltage over the work zone. If a
low gap voltage were selected the wire would try to maintain that voltage as an average.
Due to the large gap distance toward the outer edges of the work zone, the wire would
have to become closer to workpiece to maintain the low gap voltage. This makes the gap
a the center of the work zone very smdl. This smal distance causes flushing conditions
in which the melted meta does not have the proper room to escape the gap. Under these
conditions, a short between the wire and workpiece occurs and the wire bresks. Through
an understanding of this phenomenon, a large average gap voltage was used to avoid the

associated problems.
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As shown in Figure 3.4, the spark cycle is the period of the spark, including both
on and off time. EDM uses a DC power supply and capacitor like energy storage bank to
cregte the discharge. During the off-time the @pacitors are charged up, then the circuit is
completed and the energy is discharged during the ontime.  This totd time for charging
and discharging is the spark cycle. The spark cycle is increased form 19 to 32 nsec. This
is done to keep the wire from eroding to the point of burning itsdf into. In WEDT
materid is continualy feed into the gap not only by the feedrate, but aso by the rotation
of the whed. Therefore, the wire is removing more materid than in conventiond EDM.
Thus, by increesng the spark cycle and keep the ontime the same, the off-time is
increased, dlowing time for the eroded wire to escgpe from the gep. This dso dlows

more time for the melted materid to be flushed out of the gap.
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Figure 3.4: Diagram of a spark cycle including both current and voltage
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There are two basic velocities of the wire in WEDT. Fgure 35 shows the
difference between these two wire velocities. Feedrate is traverse velocity of the wire as

it traces over the periphery of the whed. For the base program the federate is about 6.6

wire
speed ¢
‘J Grinding
feedrate "y Wheel

v

Figure 3.5: Diagram distinguishing between feedrate and wire speed

mm/min, however for the WEDT this is reduced to around 0.254 mm/min. It is important
to note that this is not a constant speed, it can be thought of as the maximum speed. The
gap voltage iswhat actud controls the speed at which the wire will travel.

The other wire velocity is the rate a which the wire is being continualy spooled
into the gap. This is increased from 12 to 25 mm/sec for WEDT. Agan this done to
keep the wire fresh and prevent wire bresks. Good erosion would be a decrease in wire
diameter from 0.254 mm to a find machining exiting diameter of 0.152 mm. Before the
wire speed was increased the exiting wire diameter was around 0.1016 mm, thus many
breaks occurred due to the fact that the wire is tensoned t01800 grams. When the wire
gpeed was increased the existing wire dameter was closer to the 0.152 mm mark and the

number of wire breaks decreased.



3.2 Minimum Profile Radii

Ancther important characterigtic to quantify for WEDT is geometric limitations of the
process. The ability to create a shap pesk or valey in the whed is one such
characteristic. In order to establish a vaue for this parameter, a pesk-valey profile was
implemented, as shown in Figure 36. This will enable the determination of both
protruding and recessed geometry in the whed.

The profile created will be initidly ground into machingble pladtic firg to insure no
wear of the whed. This will alow the true form of the whed to be determined. A Rank
Taylor-Hobson Talysurf was then used to trace the ground component's profile, to
determine form error. It is important to note that these values are for a 320 grit Sceptor
whed a a specified machining condition. If a finer grit whed were used the form error

could feasible be better than that of the 320 grit whed tested.
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Figure 3.6: Peak-Valley profile (a) dimensions of peak profile and wire EDM path
(b) plastic, zirconia, and silicon nitride ground pieces
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After the plastic was ground some zirconia and slicon nitride parts was dso ground
to provide some “show-and-tell” pieces, refer to Figure 3.6(b). Since the EDM machine
was progranmed for a no radius corner, the radius created during machining was
considered the resuiting minimum radii that can be achieved for this paticular diamond
aoragve gran sze. The minimum radius for a pesk pat geometry, shown in Figure
3.6(a) as area A, is 108 mm. While for a valey pat geometry, shown in Figure 3.6(a) as
area B, the minimum radius was about 82 nm.

These measurements were again taken on a Taysurf machine with a 60°- 2 mm radius
tip sylus One EDM parameter that could decrease the minimum radii would be to
increase the wire tenson, which was extremely low for this profile Turning off comer
control, which dlows the traverse speed to decrease in turns and corners, could aso
improve the minimum radii. This is due to the fact that overburn & the corners could be
dlowing unwanted materiad removad a the tip of the profile However, most ceramic
components do not require corner radii less than the ones achieved, due to dress

concentrations that are created at sharp corners.
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3.3Form Error
The god of the project is to have to capability of precisdy profiling a netal bond
diamond grinding whed. In order to have a precise profile, the form error of the profile
must be minimized. This particular setup resulted in a form error of about 2.4mm. Form
eror encompasses the long wavdength deviations of a surface from the corresponding
nomind surface. Form erors result from large scde problems in the manufacturing
process such as erors in machine tool ways, guides, or spindles, insecure clamping,
inaccurate dignment of a workpiece, scde resolution of axis, or uneven wear in
mechining eguipment. Form error is on the dividing line in Sze scale between geometric

errors and finish errors. [Precision Devices, 2001]

0.508 mm 0.889 mm 1.270 mm

W.orkpliece

-

\\_,/

(
o (

ﬂ Grindinlg. Wheel
\J

— /—\
T

S R |
EDM Wire Traiectory of the EDM wire

(@) (b)

Figure 3.7: Arc profile (a) dimensions of arc profile and wire EDM path
(b) ground plastic and zirconia parts
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Figure 3.7 shows the arc profile that was used to determine form error capabilities
of the EDM truing process.  With this profile the machine will have to make steps in both
the x and y directions. An arc is the sandard shaped used in the determination of form
error. Note that this is dependent on the EDM’s machine qudity and the performance of
the spindle dong with other factors. Thus if any of these parameters are changed, these
tolerances will not be the same. The forming of the whed was performed in a single pass
that removed the bulk of the materid. An additiond cdeanup pass, usng the same
machine path, was required to ensure complete spark out.

After the profile was burned into the whed, the firs pieces were machined. A
Centerless Deadtrue grinder a8 Cummins Technicd Center (CTC) was used to grind a
piece of machingble plagic. The pladic dlows machining with no whed wear, thus
reveding the true form of the whed. Then by using a Taylor Hobson Form Tdysurf with
1 mm bdl stylus, the form error was determined.

As mentioned previoudy form eror is a dividing line between finish and
geometric errors, i.e. difference between surface roughness and surface waviness. The
software that andlyzes form error data from the Talysurf first has to establish a base from
which to measure error. By using the circle fit festure in the software an average radius
“perfect circle’ is created on which to compare the data. Form error is then defined as
the peak-to-vdley deviation from this circle, which has the mean radius of dl data points
taken.

The arc was measured and anadlyzed with both a .08mm and .25mm cutoff, to give

a form error of 6.5 mm and 2.4 mm, respectively. The cutoff is defined as the threshold of
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waveength for which will be keep for andyze, al waves with waveengths shorter than
that are removed from the data The smdler the cutoff wavelength then the more surface
roughness will skew the form error results. But, if to large a cutoff is used some of the
form eror may be logt. There is a fine line in determining this cutoff length; the standard
in metrology is 0.25mm. Hgure 3.8 shows the results from the form Taysurf software.

One additiond note is that the mean arc radius is removed from the data, thus the
deviation is measured from the x-axis on the graph. Also note that this is a pesk-to-
vadley deviaion of the form error. In other words, dl the data points can be contained

within two concentric circles whose radii differ by the amount of the form error.
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4 GRINDING STUDY

After WEDT proved feasble to creste a precise formed whed, a study was
implemented to examine the whed’s grinding characterigtics.  The results of a sngle
point diamond whed were used for compaing the results from the EDM trued whed.

The questions to be answered by the test include:

Which of the truing methods created a whed tha performed grinding operetion
mogt effectively?

How does surface finish of the ground component compare between truing
method?

How does whed wear rates compare between the truing methods?

The test conssted of comparing two truing methods for a metd bond diamond grinding
whed. One of the wheds was trued usng a single point diamond, while the WEDT
process presented in this report trued the other whedl. Because the EDM process
peformed both truing and dressng dmultaneoudy, the EDM wheds required no
additional preparation. The single point trued whed was dressed with a slicon carbide
dick to create chip clearance. The following sections in Chapter 4 will cover the setup of

the test and present the results of this study.
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4.1 Setup of Grinding Study
As mentioned previoudy there will be two truing methods compared in this study,
thus two truing procedures. The following sections will discuss how the wheds were

prepared and aso the grinding setup and procedures.

4.1.1 Wheel Preparation

A dgngle point diamond trued whed was used to compare againgt the EDM trued
wheds. The diamond was feed at 5 mm/pass, and then traversed over the whed surface
a 127 mm/min. The whed’s surface speed during truing was 20 m/s. After the whed
was trued it was then dressed using a 220 grit dlicon carbide stick. The stick was fed
into the whed by hand until nearly 25 mm of the sick had been consumed. This will
remove some of the meta matrix from around the diamond for chip clearance.

WEDT method presented in this report was used to creste a wire trued whed.
With  WEDT the truing and dressng was peformed smultaneoudy, thus no gick
dressing is required. The WEDT process parameters included a gep voltage of 70 V,
spark cycle of 32 mm, onrtime of 12 mm, feedrate of 0.254 mm/min, wire speed of 25

mmy/sec, and wire tenson was 1800 grams

4.1.2 Grinding Procedure

A 320 grit meta bond whedl, Norton's Scepter, was used as the grinding whedl
for this sudy. This whed has proven, through a study a Oak Ridge Nationd Lab, to
provide excdlent grinding of a wide range of ceramics.  Silicon nitride sample tiles from

Toshiba (TSN-10) are used as the workpiece. The samples are 42.5 mm long and have a
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width of 6.35 mm. The width of the whed 12.7 mm, enabling whed wear data to be
collected. The tiles were digned to the middle of the whed leaving ungrounded, virgin
aress near both edges of the whed. As the parts are ground a groove will be created into
the middle of the whed due to wear, refer Figure 41(a). This groove from the whed can
be transferred to creste a step into a plastic wear block, as shown in Figure 4.1(b). This
step on the wear block can be measured to determine the progressive wear of the whedl
during grinding.
_ — _/\||\L e _ _
Worn

_-Grinding—
Wheel

[ [
W J

| B Plastic S _—\"Te
Ceramic ¢ Replica of
Workpiece Wheel Wear
) (b)

Figure4.1: (a) creating groove into wheel by grinding
silicon nitride (b) transfer groove to plastic wear block

In order to hold the tiles in place during grinding, a fixture was designed and
fabricated. As shown in Fgure 4.2, this fixture uses a clamping configuration to alow
easy and repeatable mounting of the tiles. The fixture is secured to the dynamometer by

two bolts. The glicon nitride samples were removed and replaced after each pass. An
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ELB CNC controlled creep feed grinder was used to conduct the experiment. This

machine has high machine loop-diffness and a large spindle horsepower, which alows

large materid removd rates without stding the spindle. A specid adapter was designed
to dlow the smdl grinding whed’ s hub to be mounted to the large arbor.

Figure 4.2 shows the setup of the grinding study. The wear block is mounted in a

grinding vise, which is secured dong with the dynamometer by the magnetic table.  With

Figure 4.2: Slicon nitride grinding study setup on ELB grinder

the fixtures secured to the table a CNC program is written to perform the repetitive task
of the test. This CNC control aso insures repeatable podtioning of the whed with
respect to the parts after grinding of the plastic wear block. Table 4.1 shows the grinding

parameters that were used during the study.



Table 4.1: Grinding Parameters used in Slicon Nitride Grinding Sudy

Machine

Type ELB Perfect Future BD10 CNC Grinder
Spindle Type Bdl Bearing

Spindle power Rating 22.4 kW

Side Bdl Screw

Coolant

Type TRIM 413A

Concentration 5% by volume

Flow Rate 38 liter/min

Filtration 5 mm paper filter

Grinding Wheel

Type Norton Scepter 8inch wheel
Abrasive and Bond 320 grit diamond with metal
Specifications ME 178393 D-2-MX876D-1/4
Surface Speed 36.6 m/s

Table Speed (feed) 127 mm/min

Specific Materid Remova Rate 8 mn¥/sec (DOC 3.81mm)

A sx-gtep procedure was followed during this study:

1) Sart the data acquisition system to collect force and power data.

2) Take one pass over the silicon nitride parts a a 3.81 mm depth of cut

3) Stop data acquidition and reposition machine over wear block

4) Grind the wear block to transfer groove created in the whedl during grinding
5) Replace slicon nitride samplesin fixture with new unground samples

6) Repeat step 1-5 for at least 10-15 passes of the whed

By collecting data a every pass, the point a which whed breskdown occurred was

identified. The point where the force and power data began to develop pesks, instead of
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smooth trangtioning line, was defined as the breskdown point. Also by replacing the
samples after every pass with new ones, a graph of surface finish as a function of materia
removed was congructed. In the following sections, these grinding trends are discussed

and some theory is devel oped to describe the trends.

4.2 Grinding Forces

The load on the spindle was measured during grinding in order to determine the
mogt effective truing method. If the whed is “open”, the spindle load will be low. If the
whedl is not open, i.e. no chip clearance, then the diamonds are not exposed properly and
goindle load will be high. The next two sections discuss the ingrumentation used to

gather the data and the results from the study.

4.2.1 Instrumentation to Collect For ce and Power Data

In order to measure this spindle power, a Hal-effect power sensor was ingtaled
on the ELB machine. Since power is the product of voltage and current, the load monitor
measures the current and voltage from the three-phase spindle power supply. Then a DC
voltage output sgna is given reative to the spindle load, which is then converted to
power by a cdibration congant. The output sSgnd was passed through a low-pass RC
filter to remove unwanted noise from the dgnd. The cutoff frequency is determined by

equation 4.1, where Ris the resstance and C is the capacitance.
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1

f ot = 28 xR XC (4.2

With R set at 36W and C sdlected at 10nF the cutoff frequency, fuworr, is 442 Hz. This
valueiswd| above the 60 Hz of grinding frequency.

Grinding forces were cgptured in the verticad and horizontal directions usng a
KISTLER 9257B 3-axis force dynamometer. Two KISTLER 5010A charge amplifiers
were used to boast the signd, as shown in Figure 4.3. The sendtivity for the X- and Z
directions, as defined previoudy in Figure 4.2, were set to 7.5 and 3.5 mv/IMU, which are
the specifications of the dynamometer, and the scae factors were 100 and 200 MU/valt,
respectively. A portable PC with a Nationd Ingrument Data Acquistion Card (DAQ)
was used to collect and store both the force and power data. LABVIEW, a graphica
programming software package, was used to route the data from the DAQ card into a text

file Thisfile could beimported into a spreadsheet for data manipulation.

Figure 4.3: Force and Power Data Acquisition System
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4.2.2 Force Results

In grinding, forces are generated due to friction between the whed and workpiece.
This is required in order for the abrasve grains to remove the work materid. However,
for a given depth of cut and grinding conditions, these forces should be minimized to
reduce whed wear. One factor that affects the magnitude of the grinding force is how
well the whed has been dressed.

Dressing refers to the removd of the meta matrix that surrounds the diamond
aorasve. If done properly the diamond should be protruding from the metd matrix
aurface, cregting chip clearance. Thus as the aoradve gran plows through the
workpiece, the removed materid has an area to be accepted. Then, as that area otates
out of the grinding zone the chips are discharged from the whed. If the soace around the
abradve is not present, there is no room for the chips to go, which crestes high grinding
forces. Also if the diamonds are not protruding far enough, then te metd mairix begins
to rub the workpiece surface excessvely, creating higher frictiona forces.

The forces are measured both perpendicular and pardle to the direction of feed.
As shown in Figure 4.5, these forces are designated as the verticd (F,) and horizonta
forces (F), respectivey. Multiply passes are shown in Figure 4.4, at a specific materid
removal rate of 8 mm?/s. The forces increase in magnitude as the number of passes
increases, which is expected due to diamond abrasion. Notice that the horizontal forces
for both truing methods are smilar. Both forces pesk at around 100 N for the first pass,

and then they follow each other from there on up to Six passes over the Silicon nitride.
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However, the verticd forces do not follow the same pattern.  Initidly on the first
pass, both wheds create the same level of forces. The single point diamond trued whedl
garted to have high force pesks, while the EDM trued whed had smooth force lines. The
force level for the third pass using the traditiondly trued whed was up on the leve of the
EDM trued whed after eight passes a aound 400 N. The sxth pass with the
traditiondly dressed whed reached forces in excess of 700 N. This indicates that the
sngle point diamond trued whed broke down earlier than the EDM trued whed.

Under norma surface grinding conditions, i.e. light depths of cut, the force are
measured in the verticd and horizontd directions directly are the normad and tangentia
forcess. However, with a creep feed grinding configuration like the one in this
experiment, no longer can the horizontd and vertica forces be consdered as the norma
and tangentia forces, due to the large arc of machining. Figure 4.5 shows that the norma

and tangentid forces begin to dide up the machining arc as the depth of cut (t) increases.

T
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Figure 4.5: Diagram of grinding forces
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A converson must be made to transform the measured vaues to normad and tangentid
forces.

Tangentid force , as the name implies, is the force that is tangentid to the whed'’s
surface.  Torque on the whed is the product of tangentid force and whed radius.
Likewise, spindle power load on the whed is the product of torque and angular velocity.
Therefore by having the power Ps), horizonta forces ), and vertica forces (F,) known
the tangentia (F;) and norma forces n) can be caculated. Since the resultant force of
the vertical and horizontd forces is the same as that of the tangentid and norma forces,

the relationship can be made that:

-2 e 2U_é 2. = 20 4.2
S rRaTen R (42)

Then, the tangentia forceis just the spindle load divided by the whed surface speed (Vy):

R
F= V. (4.3
By rearranging equations 4.2 and 4.3 the norma force can be found by:
/
F=lF+F2- R (4.4)

Figure 4.6 shows the tangentid and normd grinding forces that were cdculated

from the measured forces and power. Again, both EDM dressed whedls are performing
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amilarly, whereas, the traditionaly dressed whed sees higher tangentia forces. Notice
that the EDM whed has tangential forces that are 20% lower than that of the stick
dressed whed. This remains the case until the sixth pass, where the stick dressed whed
begins to bresk down. The force climbed dragticadly, which cause the diamonds on the
surface to be sheared or pulled out.

Norma forces dso shown in Figure 4.6. The forces seen when grinding with the
traditiondly dressed whed are 20-40% higher than forces produced when grinding with
the EDM trued whed. On the sixth pass, the normad force reached nearly 800 N for the
traditiondly dressed whed. While on the eighth pass, the EDM whed was only seeing
forces around 500 N. SEM investigations were conducted to determine the reason for the
force reductions.

Ratios of normd to tangentid grinding forces are shown in Fgure 4.7. These
vadues are around five for both wheds It stays nearly congtant throughout al passes.
Smilar values have been reported when grinding zirconia with a dlicon carbide grinding
whed. In metal cutting operations this ratio is closer to one. However, in grinding the
normal forceis usudly much greeter than that of the tangentid force.

In concluson, the EDM dressed whed showed a 20-40% lower grinding force
than that of a traditionally dressed whed. With both wheds the force increases as more
materid has been removed, due to diamond wear. It is important to note that whed
breakdown occurred after 6 passes with the stick dressed whed, whereas the EDM whed
experienced this after about 15 passes. Thus, the EDM whed ground nearly three times

as long as the stick dressed whedl before breakdown occurred. This increased efficiency
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was theorized to be caused by the manner in which the EDM sparks dress the whed.

However, further SEM invedtigations of the wheds surface will be used to study this

theory.
- - = = WEDM Trued, 1 Pass o Diamond Trued, 1 Pass
WEDM Trued, 3 Pass O  Diamond Trued, 3 Pass
WEDM Trued, 5 Pass X  Diamond Trued, 6 Pass
WEDM Trued, 8 Pass
10
X
X x X X %
8 X X X 5’__—-
N
_—a D
0 g ® g | i
= 6 o X =
0% — — —=— — —— ] o=, -
-~ (] é - E ------ -~ e e
o # o O
4 ]
E (3 © 5 5 1) © ¢
L ° 5 o ©° o o
(o] o) o
2
0 ' ' "
5 10 15 20 25

Time (s)

Figure 4.7: Ratio of Tangential to Normal Grinding Forces



4.3 Surface Roughness of Ground Silicon Nitride

Surface roughness is an important factor to ground components.  Usudly, there is
a specified tolerance that must be met in order for the ground component to function
properly. The driving factors for surface finish indude aorasve dze,  grinding
parameters, and dressng characteristics.  For this study, both the dirasve sze and
grinding parameters were held congtant in order to reve the effects of dressing.

A Tdysurf from Rank-Taylor Hobson was used to measure the surface roughness.
The gylus used was a standard 2011, which has 2 mm radius diamond tip. A 0.25 mm
cutoff was sdected to filter out low frequency sgnds (waviness). This is the standard
cutoff wavelength for this radius dylus tip [Precison Devices, 2001]. Three
measurements were taken per piece and the results were averaged. The direction of the
trace was taken pependicular to the feed, which should produce the maximum
roughness. Both peak-to-vdley roughness (R) and average roughness (R,) results are
presented.

Figure 4.8 shows the roughness values obtained from the experiment. The results
show that the EDM trued whed create dightly, less than 0.05 mm, rougher parts. The
peak-to-valey results are much closer for dl three wheds. Both wheds produce better
surface finish as the number of ground parts increases, as shown by the downward trend
of the roughness grgphs. This can be attributed to a reduction in diamond height and aso

an increase in the wear flat on the diamond.
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4.4 Wheel Wear

The find parameter which was charaterized for the EDM trued whed is the
whed wear associated with grinding. The god of grinding is to remove unwanted
material from the workpiece surface.  However, in the process some materia is adso
removed from the grinding whed. The diamonds are worn down, sheared off, and pulled
out, while the metd matrix is adso worn due to fricion. Whed wear is normd, but
excessve wear can cause short whed life and loss of form tolerances.

A plastic wear block was used in this experiment in order to measure the groove
crested during grinding. After each pass across the dlicon nitride the plastic wear block
was dso ground. The groove in the whed is trandferred as a step into the wear block.
This gep is then is messured usng the Rank-Taylor Hobson Taysurf mechine with a 1
mm redius bal gylus

As shown in Figure 4.9, the EDM trued whed has high initid wear as compared
to the tradtionally dressed whed. A wear depth of around 11 mm in the whed was noted
after the firgd pass through the dglicon nitride usng the wire trued whed. While the
trationdly dressed whed showed a 5 nm wear depth after the first pass.  After that intid

pass both wheels seem to have a steady- ate wear value of around 2 to 3 mm per pass.
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What is believed to occur is shearing off of over-protruding diamonds in the EDM

trued wheds. With tradtional mechanicd truing the diamonds and metd matrix are a the
same height, then a dressing gick is used to erode the matrix, causng the diamonds to
protrude. However, with EDM dressing the diamonds do not come in contact with a
large mechanicd force during truing. The dectricd spak erodes the metd matrix,
causng it to be a a condant height. Yet the diamonds are left a varies heights from the

metd surface. Further SEM studies will be needed to verify this theory.

4.5 Summary of Grinding Study

A 20-40% reduction in force was noted when usng the EDM trued whed as
compared to the single point trued, stick dressed whed. Whed breakdown occurred after
6 ground parts using the stick dressed whed. It took about 15 passes before the EDM
trued whed to began to breskdown. SEM should give some insght on why the EDM
whed performed more effectively than the stick dressed whedl.

Surface finish on the ground pats were dl very smila. The EDM whed
produced a average surface finish that was about 0.05 nmm rougher than the stick dressed
whed. Both of the wheds produced parts with an average surface roughness beow 1
mm. The pesk-to-valey vadues were smilar for both wheds a aound 3-5 mm.
Roughness of the ground parts decreased as the number of passes increased, as expected,
due to smoothing and wear of the diamond abrasive.

The wear of the EDM trued whed created the most concern. After only one pass

the wear wear depth was measured to be around 11 nm for the wire trued whed. This
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was nearly double the wear of the stick dressed whed. However, it is believed that this
wear is acutdly the shearing off of over-protruding diamonds. Since only a smdl force
occurs during truing, the diamonds could be over protruding. Thus, in the presence of the
mechanica forces of grinding these diamonds are sheared off to diserable height. One

note to remember is that the metd matrix holds the whed form, thus diamond shearing

will not affect form tolerance.
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5 SCANNING ELECTRON MICROSCOPE (SEM) INVESTIGATION

The fird SEM used to examine the surface of a solid specimen was described by
Zworykin et da. in 1942, working in the RCA Laboratories in the United States The
electron optics of the ingrument conssted of three dectrogtatic lenses with scan coils
placed between the second and third lenses [Breton, 2001]. The dectron gun was located
a the bottom so the specimen chamber was a a comfortable height for the operator
[Breton, 2001]. Since then, the eectron microscope has become a premier tool when
investigating microscopic features.  Unlike the opticd microscope, which uses a beam of
light to reflect off the surface, SEM uses a leam of eectrons that are both absorbed and
reflected by the surfaces  The advantage of SEM includes both a high levd of
meagnification and alarge depth of fidd.

As mentioned previoudy one concern, which arose during the grinding Study
usng the WEDT whedls, was the high initid whed wear. A theory was developed that
the diamonds on the WEDT whed surface are over-protruding and are sheared off or
pulled out by the mechanicd forces of grinding. To invedigate this theory, SEM was
used to examine the whed’s surface.  In order to determine the height of the diamonds,
the Alicona stereo- SEM imaging software was used.

The first two sections of this chapter present the SEM invedtigation of a WEDT
whed that was used to grind dlicon nitride.  The third section examines the surface of a
traditional stick dressed whed. Some debris from the WEDT process is shown in section

four, followed by areview of this chapter in the final section.
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5.1 Setup of Study

Removd segments were cut into the whed usng a wire EDM process. The
wedge shape segments are supported radidly by backing screws, as shown in Figure
5.1(a), which are threaded into the grinding whedl core. By backing the screw out againgt
the segments, the wedges are locked into place. Then WEDT process was then used to
both true and dress the whed smultaneoudy. Once the surface was prepared the whed
was then badanced udng a baancing sysem and whed weght disk. Whed vibraion

could occur if this step were no taken.

Rembvyal piece #2 | o
B
the reljoval piece
oval piece #1
(@ (b)

Figure5.1: (a) Drawing of segmented wheel (b) Balancing stand

The whed was fird mounted to a baancing arbor that rest on the knife blade
edges of the leveled, kinematicady supported baancing stand, as shown in Figure 5.1(b).
Initidly, dl three weights from the disk were removed and the whed was placed onto the

sand. The whed was dlowed to rotate until the heavy end rotates to the bottom, which
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is then marked. One of the weights was placed a the heavy spot, while the other two
were equally spaced away from the heavy spot. These two weghts were then moved
equdly further away until the heavy spot changes. If the whed was too far out of baance
then a drill spot must be placed in the grinding whed near the heavy spot to remove some
of the weight. Once the whed is baanced, it will roll from one end of the stand to the
other without changing direction. This process is time consuming, but it assures the
baance of the whesd!.

Once the whed was prepared it was time to grind the slicon nitride.  The same
dlicon nitride tiles were used as in the previous test. However, this time they were not
dacked two wide, thus a new holder was cut usng wire EDM. Since the pieces are only
3.175 mm wide and the whed is 12.7 mm wide, two depths of cut and a virgin surface
could be examined. This research was conducted a Oak Ridge Nationd Lab at the High
Temperature Materials Laboratory. A Harig 618 CNC controlled surface grinder, Figure
5.2(a), was used to perform the specimen grinding preparation. Table speed was set a
3.048 m/min and whed surface speed was set at 37 m/s.

The two tota grinding depths used were 0.127 and 12.7 mm. These tota depths
of cuts were reached usng a 0.127 mm increment of downfeed per-pass. The single pass
gave data for light grinding, while the 100 passes gave data for heavy, Seady date
grinding.  Once the grinding was completed, the specimen was removed from the whed
for SEM ingpection. Visudly, there was a difference between the virgin surface of the
whed and the areas that had been used for grinding. The grinding areas of the whed

appeared shiny due to the smearing of the metal matrix during grinding.
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Figure 5.2: Equipment used to prepare SEM samples
(a) Harig 618 surface grinder used in experiment
(b) Hummer sputter coating machine used to gold coat the specimen

Since the SEM uses an eectron beam for imaging, the surface of inspection must
be dectricdly conductive. Since diamonds are not conductive, a thin layer of materid
must be placed onto the surface of the specimen. If this Slep were not taken, a charge
would build up on the surface of the diamonds, creating a white spot in the image. In
order to coa the specimen, it first had to be cleaned by placing it into an acetone bath
within an ultrasonic cleaner. This vibrates the bath to remove the oils and resn left
behind by grinding and handling.

Figure 5.2(b) shows the sputter coating machine used to coat the specimen with
gold. The specimen is placed indde the camber then it is evacuated and filled with

Argon. A high voltage is gpplied between the source (gold) and the target (Specimen).
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The excited dectrons then bounce off the source onto the target discharging smdl gold
particles from the gold source, which then adhere to the surface of the specimen. This
coating is very thin and uniform. Once the specimen was cleaned and coated, it was

ready to be viewed under SEM.

5.2 SEM Resultsof WEDT Wheel Surface

The SEM used was a Hiatchi S4700 fidd emisson scanning eectron
microscope. This was sdected due to the automated stage postioning and tilting
features, which is required for congructing a 3D image of the surface. Stereo-SEM can
quantify the height of features from SEM. In order to do so, an image of the surface is
first taken with the stage set at O tilt. Then a feature is marked on the screen image that
can be relocated again once the table was tilted. Once identified, the stage is tilted a
specified angle, 2 in this dudy. Then the stage is trandated to bring the origind marked
feature back into view. By knowing the working distance and pixd sze, the two images
can be combined using Alicona 3D imaging software. After the stereo-pair was created

a 3-D image of the surface was generated.

5.2.1Virgin WEDT Wheel Surface

The surface of the WEDT whed after truing is shown in Figure 53. There is a
good amount of materid tha has resolidified to the surface of the whed. The debris
adhered to surface comes from two sources. The first source is the molten spheres which

did not escape the gap during spark erosion, or where impelled back to the surface by the
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water jet. Figures 5.3(b) 5.3(c) show what the resolidified spheres look like on the whed
surface.  Another source of recast debris is from te collison of the metd spheres with
diamonds a the surface. The diamonds are non-conductive, however, EDM sparking is
occurring dl around them removing the bonding metd. As described in the Introduction
section of this report, the molten spheres are aruptly expelled from the surface. When
these spheres collide with the diamond the molten spheres explode, and splash on their
surroundings, as shown in Figures 53(@) and 5.3(e). Notice that in Figure 5.3(e) it
appears this process has occurred many times, causing alayering effect.

A sense for some relative diamond height can be seen dso in the SEM scans. The
diamond in Figure 5.3(a) seems to be merdy laying on the surface, while in Figure 5.3(d)
the diamonds seem to be recessed into the meta surface. In a traditiond mechanicaly
trued whed, the diamonds on the surface would be at the same height. This is because
mechanical forces between the whed and dressng tool would have sheared off the
diamonds. However, snce no red mechanicd forces ae gpplied in WEDT, the
diamonds can protrude for a large disances until they fdl away from the surface
Diamond didribution in the whed is fairly consgtent, thus there should be equd amounts

of diamond protruding & different heights from the matrix.



Figure 5.3: SEM scans of the virgin WEDT whedl surface
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In order to determine the actudly protruson height of the diamonds, a 3D image

of the surface was rendered as described previoudy. This software alows two types of
output. One is smply a 3D image of the surface and the other is a 2D image in which
you choose a path to have it graph eevation. Figure 5.5 shows a diamond which was
noted previosuly, as medy laying on the suface By udng the devaion grgphing
fegture in the imaging software, the acutd height of the diamond from the surronding
matrix is about 29 mm. Anocther diamond is shown in Fgure 5.6 as protruding from the
surface about 32 nm. For a 320 grit abrasive, the average abrasive size is about 60 mm.
Thus, some of the diamonds on the WEDT surface are protruding haf of their magnitude,
from the marix. The gap between the wire and the grinding whed during WEDT s
about 40mm, as shown in Figure 54. This clearance alows adequate space for the 60 mMm

EDM wire
diameter

0.125 mm 0.030 mm
(overprotruding
diamond height with
320 grit abrasive)

0.040 mm
(typical spark gap for
0.125 mm diameter wire)

Rotating grinding wheel

Figure 5.4: A 40 nm gap clearancein WEDT process allows 30 nm
diamond protrusion

diamonds to protrude with abrading the wire. Some of the diamonds neasured were only

protruding 6-8 mm, while others such as the diamond in Figure 5.7 measured around 10-
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12 mm of protruson. Thus diamond protruson on the virgin WEDT whed surface was

equally digtributed up to about 30 nm.

DJV 29 nm J

Height of Diamond (mm)

20 40 &0 a0 100 120 140 160 180 2l

Length of trace (mm)

Figure 5.5: Stereo-SEM profile of WEDT virgin wheel surface with 29 nm
protruding diamond
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Figure 5.6: Stereo-SEM profile of WEDT virgin surface with 32 nm protruding

diamond
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Figure5.7: Stereo-SEM profile of WEDT virgin wheel surface with 12.8 nm
protruding diamond
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5.2.2 WEDT Surface After Light Grinding

By examining such a light-grinding pass, the change in surface topography of the
whed can be seen after only a dight presence of a mechanicd force. This is important to
see what happens to those diamonds that were overprotruding in the virgin whed. Fgure
5.8 shows a section of the surface of the whed after the 0.127 mm depth of cut.

There is a large amount of the debris that has been removed from the surface.
This materid is only weekly bonded to the surface, thus is removed during the initid
contact with the workpiece. This is acceptable since the true WEDT form is under the
recast. Both Figures 5.8(a) and 5.8(b) show some diamonds that have been sheared off
by the mechanica force. The flat planes and sharp edges of the diamonds prove that
these diamonds have sheared.

Figure 5.8(b) shows a smooth metal surface, which appears to be too large to
come from diamond pullout. It could have been created by the sheared diamond just to
the right of the area being dragged over the surface. There is no evidence in the scans of
a large amount of diamond pullout. It appears that most of the diamonds have sheared
under the load of the mechanicad force. The diamond in Figure 5.8(€) appears to be an
active grinding grain, evident by the rub mark on the top of the diamond. However, the
diamond does not show sgns of being sheared. Thus, this diamond must have been at a

protrusion height cagpable of supporting the grinding load.



Figure 5.8: SEM scans of the wheel surface after light-grinding
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Usng the 3-D imagining software the actud heights of the diamonds were found.
In order to keep the diamond height values consstant, a reference height was st as the
smeared meta working surface, shown in Figure 510. All diamonds at this height or
above are conddered active grinding grains. Thus, dl diamond heghts will be measured
from this working plane. Figure 5.10 shows a diamond that is protruding aout 6 nm at
location C, while a diamond a location B is a the same heght as the working surface.
Both of these diamonds are active as evident by the rub marks on there surface.

Figure 5.11 shows that the diamond from Figure 5.8(€) is a the same height as the
work surface. Chip clearance around the diamond was measured as about 12 mm. All of
the diamonds measured from this lightly groudn section showed protrusions less than
10mm from the working surface. None of the diamonds were the 30 to 40 mm protrusions
seen in the virgin surface, due to diamond shearing.

In the presence of a large mechancia force, such as during gridning, these over-
protruding are sheared off. Figure 5.9 shows the slicon nitride workpiece shears off the
over-protruding diamonds, leaving the diamonds on the ungroudn surface overprotruding.
The forces generated when transferring this step into the plastic wear Bock are not great
enough to shear off dl the overprotruding diamonds, cregting a large intid sep in the
block. This would create what gppears to be high intid wear, but is only the shearing off
of over-protruding diamonds. It is important to remember that any form placed into the

whed would be in the metd matrix, thus form tolerance is preserved.



overprotruding

diamonds SL|CON
NITRIDE

oOLss

Grinding Wheel

unsheared diamond
grits

sheared diamond
grits

09ESg

Grinding Wheel

Figure 5.9: Diagram of diamonds sheared during grinding
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Figure 5.10: Sereo-SEM profiles of lightly ground surface with 6 nm protruding
diamond
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Figure 5.11: Stereo-SEM profiles of lightly ground surface with 12 nm chip
clearance
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5.2.3 WEDT Surface After Heavy Grinding

In order to see measure the diamond height at steady-dtate grinding, the whed
surface was andyzed after extensve grinding. Figure 513 shows the post grinding
whed surface. The amount of smeared work surface and diamond shearing has increased
dramaticdly from the light ground surface. Figures 5.14 and 5.15 show tha the diamond
height is varying from 13 to 4 mm. The diamond in Figure 5.14 & location B is peaking
at around 8 to 13 mm. The deep grooves created in the work surface makes the diamond
height measurement a little more difficult to decipher. This diamond is getting near a
height were it could be sheared by the grinding load.

The diamond in Figure 5.15, a location B, is protruding aout 5 mm from the
work surface. However, the more interesting feature is the 4 mm cavity that has been
created in front of the diamond. During continuous grinding, chips begin to erode away

the matrix just in front of active arasve grans, as shown in Figure 5.12. Much like a

chip in metd machining will erode the work face of a sngle point tool. The slicon

silicon nitride debris
eroding matrix

diamond

matrix

Figure 5.12: Mechanism that creates the wear cavity in front of the
diamond face
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nitride debris dides down the face of the diamond, forcing the eroson of a cavity in front

of the diamond generating chip clearance.

Figure 5.13: SEM scans of the whedl surface after heavy grinding
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Figure5.14: Stereo-SEM profiles of heavy ground wheel surface with 13 nm
protruding diamond
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Figure 5.15: Sereo-SEM profiles of heavy ground surface with 4.6 nm protruding
diamond and wear cavity
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5.3 SEM Results of Stick Dressed Wheel Surface

The traditional way to dress a metd bond diamond whed is to use a dressing
dick. A dgngle point diamond or a rotary truing device can be used to true the whed.
Since this sudy uses a flat whed surface, it is possible to use a rotary truing method, as
shown in Figure 5.16(a). A Norton Rotary dresser was used to true the whed, with a

SD150R100B99 ¥Z diamond whed. The smdl truing whed was turning a 3450rpm

(@ (b)
Figure 5.16: (a) Rotary truing unit using a MBD wheel to dress the MBD whedl (b)
SEM scan of the flat trued surface

while the study whed was turning at 3000 rpm. The whed was feed down a 254 nm
per pass, with a tota downfeed of 1.524 mm. Of coursg, in this case both the truing and
sudy wheds lose materid since they are of Smilar hardness. The diamonds and the
metal matrix of the study whed appeared to be at the same height under in the SEM scan,

as shown in Figure 5.16(b)
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Once the whed was trued it was time to dress the whed using a slicon carbide
dressng sick. Both a fine 400 grit and a rough 150 grit stone were used to dress a
portion of the whed. During truing, a totad of 7.74 cf/unit width of dressing stick was
consumed.  After comparing the differences in the dressed surfaces, no noticeable
difference was found. Therefore the distinction between the two surfaces will not be
gated, it will smply be referred to as the stick dressed surfaced.  Figure 5.17 shows the
SEM scans of the stick dressed surface, notice the relatively clean surface of the whed,
as compared to the WEDT whed!.

Due to the use of the mechanicd force during truing, the diamonds and matrix
were on the same plane. Then the stick was used only to create a chip clearance around
the diamonds. The dlicon carbide gtick is strong enough to erode the metd matrix, but
not the diamond. Thus after dressing, the diamonds will be protruding a certain distance

from the surface.



a

15.0kV 21.0mm x 400 15.0kV 21.0mm x 400

Figure5.17: SEM scans of 400 grit silicon carbide stick dressed
wheel surface
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Figure 5.19 shows two diamonds that are protruding 12 nm from the matrix. The
diamonds in Figures 5.20 and 5.21 are protruding about 7 mm. The range for diamond
height for the stick dressed surface was 612 mm. The difference in the diamond heights
is due to an uneven wear of the metal matrix. A wear cavity is aso noted in Figure 5.20
due to dressing gick debris diding down the face of the diamond, eroding the matrix
away in front of the diamond.

Another feature in Figure 5.21 is the ridge that is created behind the diamond. As
the gtick is passng through te diamond erodes the dressing stick, before it can wear the
metd away just behind the diamond. As shown in Figure 518, maximum diamond
clearance is in front of the diamond due to the cavity that is created. To the left and right
of the diamond good clearance is aso crested. However, just behind the diamond the

amount of chip clearance is limited due to dressing stick wear.

good
S > removal
=
n
(o) i . poor
maximum
c diamond
T removal removal
0
(O]
a—» good
removal

Figure 5.18: Description of dressing material removal zones

Whether theses ridges are a good or bad phenomena is debatable. One poditive is that
this ridge can help support the diamond & it is loaded from the front by contact with the

workpiece. One negative is the reduced chip clearance, which is believed to be the
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reason for the 20% increases in grinding force when using the stick dressed whed over

the WEDT whed.

Height of Diamond (mm)
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Figure 5.19: Stereo-SEM profiles of stick dressed surface with a 12 nm

protruding diamond
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Figure 5.20: Stereo-SEM profiles of stick dressed surface with a 6.5 nm
protruding diamond
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Figure 5.21: Stereo-SEM profiles of stick dressed surface with a 7 nm
protruding diamond and ridge
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5.4 WEDT captured debris

During the truing process, some of the debris was captured in order to view in
SEM, shown bedlow. The 60 mm diamonds are much more visble in the debris than on
the surface of the whed. Some of the spherical metal debris was aso captured, as shown
in Fgure 522. These metd spheres have good shape, which implies that they received

good flushing during their resolidification process.

Figure 5.22: WEDT swarf from the truing of a Scepter 320 grit
diamond wheel
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5.5 Conclusion of SEM investigation

For the WEDT surface there was evidence to show that some of the molten meta
spheres had adhered back to the surface of the whed. The height of the diamonds on the
virgin surface varied from 3 to 35 mm. When a light grind was used, the diamonds were
al protruding less than 13 mm from the work surface. At the large grinding depth, the
diamonds were protruding 4 to 13 nmm from the working surface. Due to the number of
sheared diamonds, the theory for high initid wear due to shearing of overprotruding
diamondsis proven.

Contrary to the rough surface of the WEDT whed, the surface on the rotary
diamond trued and dlicon carbide sick dressed whed was smooth.  The range of
diamond heights from this surface ranged from 6 to 10 nm. Two demographic features
noted about the surface, are the ridge created behind he diamond and the cavity created
in front of the diamond face. The ridge, while it supports the diamond during force

loading, aso reduces the amount of chip clearance. This is thought to be the reason why
the WEDT whed grinds more fredy than does the stick dressed whed!.

The mgor problem with rotary dressing is its inability to create a formed profile
in the whed. In order to create a profile in a whed surface a single point CNC controlled
diamond or a diamond crush roll must be used. As mentioned previoudy, neither of

these methods are effective for creating precision forms due to truing tool wear.
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6 CONCLUSION

As the gpplications of engineering ceramics broadened, the shgpe of these
components has become more complicated and the form tolerance specifications are
more dringent. An efficent and cod-effective method to grind a ceramic component
with a complicated shape is to generate the desred form on a diamond grinding whedl
and then plunge the shaped whed into the ceramic workpiece. The excess ceramic work-
meaterid is removed by the diamond grinding whed, and the desred form is generated on
the workpiece. Basaed on this gpproach, the technicd chalenge has shifted from grinding
the workpiece to truing and dressing the diamond grinding whed!.

Traditiondly, a stationary or rotary diamond tool is used to generate the desired
form in a grinding whed. Shih [2000] has studied the wear of the rotary diamond tool for
truing of a vitreous bond diamond grinding whed and demondrated that the wear of
diamond tool is dgnificant under a wide range of process paameters. Instead of using
mechanical force to bresk the diamond, the wire EDM process uses the therma energy or
eectricd sparks between a thin, traveling wire and the rotating grinding whed to remove
the metal bond around the nonconductive diamond aborasive. The Japanese patents by
Mizukawa [1992], Shichizawa [1993], and Oku [1984] al use rotary die snking EDM
truing methods. However, not much work has been focused on creating precise whed
forms, which was a the core of thisinvestigation.

The begin the research, a precison spindle was built to rotate the grinding whed
indde the EDM meachine during truing. The spindle had to endure the corrosve and high

eectricd flow environments of the EDM process. In addition, the spindle was desired to
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have sub-mm runout and aso to be capable of incorporating varies whed sizes. The find

design met dl of the criteria and achieved a spindle runout of 0.6 mm.

Two formed whed geometries were then adopted in order to determine the
abilities of Wire Electricd Dischage Truing (WEDT). A pesk-vdley profile was
implemented to determine the minimd inner and outer part radii that could be achieved.
The minimum pesk radius for a part was about 108 nmm, while 82 nm was the minimum
radius for a valey in the component. The form error capability of the WEDT procedure
was determined using an arc profile. Two cutoff vaues, 0.08 and 0.25 mm, were used to
filter the trace data, which gave form error results of 6.5 and 2.4 mm, respectively.

To determine the performance of the WEDT whed, a grinding sudy was
developed. Force and power during grinding was collected usng a Hal-effect power
sensor, a force dynamometer, and a data acquidition sysem. A plagtic wear block was
used to quantify the progressve whed wear. The ground ceramic tiles were used to
quantify surface roughness trends. The test included two truing methods for comparison.
One of the wheds was trued usng a single point diamond, while the WEDT process
presented in this report trued the other whed. The WEDT whed required no additiond
preparation, since the EDM process completes both truing and dressng smultaneoudy.
The dngle point trued whed was dressed with a glicon carbide sick to create chip
clearance.

The forces generated during grinding with the WEDT whed were 20-40% lower
than the forces produced when grinding with the single point trued, stick dressed whed.

Whed breskdown occurred after 6 ground parts using the stick dressed whed. It took
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about 15 passes before the EDM trued whed began to breakdown. Surface finish on the
ground pats were dl very smilar for both truing methods  The average surface
roughness results were below 1 mm, while the peak-to-vdley results ranged from 35 mm.
Roughness of the ground parts decreased as the number of passes increased as expected,
due to an increase in the diamond wear flats. The high initid wear of the EDM trued
whed created the most concern.  After the intid grinding pass, the whed wear stablized
to around 2 mm/pass. Scanning Electron Microscopy (SEM) was required to investigate
theories behind this decrease in force and increase in whed wear when grinding with an
EDM trued whed!.

In the SEM scans, there was evidence to show that some of the molten meta
gpheres had adhered back to the surface of the WEDT whed. The height of the diamonds
on the virgin surface varied from 3 to 35 mm. When a light grind was used, the diamonds
were dl protruding less than 13 mm from the work surface. At steady-date grinding, the
diamonds were protruding 4 to 13 nm from the working surface. This lead to the
concluson that the diamonds in the virgin WEDT whed surface are overprotruding.
Thus, in the presence of a aufficient mechanicd force they will shear. There was plenty
of sheared diamond surfaces in the lightly ground SEM scans to prove this theory.
However, the form has been placed in the metd matrix, thus shearing of overprotruding
diamonds does not effect the form tolerance.

Also a deady date grinding, 4 to 5 mm cavities were found in front of the
diamond faces. The grinding debris creates these cavities as it dides down the face of the

diamond, eroding the matrix just preceding the diamond. Contrary to the rough surface
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of the WEDT whed, the surface on the diamond trued and slicon carbide stick dressed
whed was smooth. The range of diamond heights from this surface ranged from 6 to 10
mm. Two demographic features noted about the surface were the ridges created behind
the diamonds and the cavities created in front of the diamond faces. As the dressing gtick
passes over the diamond, the stick becomes worn.  Therefore, the dressing stick does not
remove the metd just behind the diamond. This reduction in chip clearance and extreme
diamond protrusion is believed to be the reason for the reduced grinding forces of the
WEDT whed!.

In this study, WEDT has proven its ability to produce precise forms in metad bond
diamond wheds In grinding, WEDT whedls dso showed a decrease in grinding force,
as well as an increase in the dressing intervd.  Through the use of an dectrical park
ingead of a mechanica force, the wheds can be trued/dressed without concerns of truing
tool wear. This whed forming technology should serve even more vauable to the

meachining community as the number of ceramics in engineering design increases.
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